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Introduction
MST is an effective ion-exchange material for the removal of strontium and actinides from strongly alkaline and high ionic-strength salt solutions such as the high-level waste (HLW) stored at the Savannah River Site (SRS). MST was first selected for use at SRS in the early 1980s principally for the removal of 90 Sr. Early testing indicated that MST was also effective for the removal of alpha-activity in the waste solutions. However, it was not until more extensive characterization of the SRS waste that the removal of alpha activity was of increased importance, principally due to plutonium isotopes from the production of weapons grade Pu ( 239/240 Pu) and heat source Pu ( 238 Pu). Furthermore, the disposition of larger quantities of 237 Np to the HLW system also added an increased need to be able to remove this isotope. Uranium removal is not a high need given the low specific activity of the common uranium isotopes found in SRS waste. However, the quantity of uranium in HLW is much higher than any of the other isotopes and, therefore, removal of uranium by MST can impact the performance of MST to remove the other, more problematic, radionuclides.
MST was planned to be added to the strike tank used for the In-Tank Precipitation (ITP) process. In the ITP process, MST would be added to the waste solution diluted to a sodium concentration of 4.5 M at 25 °C in a Type III waste tank equipped with mixing pumps. The contact time in the batch contact process would be a minimum of two weeks. Laboratory testing under these conditions indicated that this was sufficient time for the system to reach near steady-state conditions. Thus, adsorption rate was not considered a significant constraint on ITP throughput.
After the ITP process was abandoned in 1998, a number of alternate materials and methods for selective strontium and actinide removal were evaluated as part of the Alternative Salt Disposition Studies. In 2001, a batch contact method using MST was selected as the preferred method to remove 90 Sr and alpha-emitting radionuclides from SRS waste solutions. However, the rate of adsorption became a much more important issue in achieving the necessary volumetric throughput in alternative salt disposition flowsheets. Characterization of saltcake and supernate wastes also indicated the need to investigate MST performance at higher initial concentrations of total strontium and plutonium.
Facility designs and downstream operational impacts have also impacted the planned concentrations of MST in treatment facilities. Thus, a number of bench-scale experiments with both simulated and tank waste solutions have been carried out since 1998 to measure sorbate removal rates under a variety of testing conditions. This work culminated in developing adsorption isotherm models with corresponding kinetic terms for each of the major sorbates upon batch contact with MST. This document summarizes the findings of these studies. The general mechanism of ion exchange of chemical species dissolved in solution with a solid ion exchanger is a multiple step process. The first step is mass transfer or diffusion of ions from the bulk solution to a film surrounding the solid particle (interphase film). The second step is diffusion of ions in the interphase film to the solid phase. The third step is transfer of the ion through the boundary between the film and solid phase. A fourth step is diffusion of the ion through the particle. A fifth step would be the formation of ion pairs (e.g., Sr 2+ with TiO 6 2-). In the case of the titanates, X-ray absorption fine structure analyses indicated that strontium and the actinides are coordinated to the oxygen atoms of the anionic titania. This fifth step would also include the release of bound water, hydroxide, or carbonate to afford coordination sites. To maintain charge neutrality a similar set of steps occurs in reverse for the exchanged cation (i.e., Na + in MST) as it leaves the ion exchanger and releases into the bulk solution.
Results and Discussion
The rate of this multiple step process will be controlled by the rate of the slowest step. Generally, the first step (mass transfer in bulk solution) is assisted by stirring or other forms of agitation. As such, bulk transport is generally not the rate limiting step in the ion exchange process. All of the remaining steps are controlled by the mobility of the ions in the particular phase. Note that agitation of the bulk solution can reduce the thickness of the interphase film, but cannot remove it completely. Reducing the thickness reduces the diffusion distance, which will increase the overall rate if interphase film diffusion is the rate limiting step.
Experimental Findings
As part of the Salt Disposition Alternatives evaluation, researchers at SRNL investigated the rate of strontium and actinides (Pu, Np and U) removal by MST from simulated waste solutions over a range of temperatures (17 -65 °C) and sodium concentrations (4.5 -7.5 M). 1 In these tests 100-mL aliquots of simulated waste solutions were contacted with MST at concentrations ranging from 0.2 -2.0 g/L and mixed for up to two weeks in a controlled-temperature waterbath equipped with an orbital shaker operating at 200 rpm. The mixing energy supplied by the orbital shaker suspends a small fraction of the MST particles within the solution. The bulk of the MST solids remain on and move along the bottom of the test bottle and lift up briefly off the bottom when they reach the side wall of the bottle. Additional test bottles were prepared and allowed to stand unagitated in the waterbath at the respective test temperature. The quiescent test bottles did receive agitation periodically to ensure a homogeneous mixture during each sampling event.
Figures 1 -8 provide graphs of the sorbate concentration (g/L) versus time for the centerpoint subset set tests that were shaken and allowed to stand in the waterbath. The designation of "mixed" indicates that the test was conducted in an actively agitated or stirred condition. The designation of "unmixed" indicates that the test was not actively agitated or stirred except during each sampling event. Although the tests were carried out for up to 250 hours, the bulk of the adsorption occurs within the first five hours of contact. Thus, in Figures 1 -8 , only the concentrations for the sampling events below five hours are plotted. This provides the best opportunity to measure differences in the rate of adsorption between the mixed and unmixed tests.
The salt solutions used in these tests were prepared to achieve a total sodium concentration of 6.0 M. All tests were contacted with 1.1 g/L of MST. Appendix A provides a summary of the sodium concentrations, initial sorbate concentrations, MST concentration and temperature for these and other tests conducted to investigate the rates of sorbate adsorption by MST. Two levels of sorbate concentrations were tested and designated as high activity and low activity, respectively. Table 1 provides the calculated minimum and maximum removal rates (μg/L/h) for each sorbate in both the mixed and unmixed tests with the high activity and low activity solutions. The removal rate was calculated by subtracting the initial and measured sorbate concentrations and dividing by the sampling time for the first sampling event (approximately 2 hours). The minimum and maximum removal rates were calculated by subtracting or adding two times the standard deviation of the rates to the average rate determined from duplicate tests. For the high activity 6.0 M sodium salt solution contacted with 1.1 g/L of MST, the range of removal rates for the sorbates in the unmixed tests overlapped that for the continuously agitated tests except for the 45 and 65 °C tests with strontium. At 45 °C, the unmixed removal rate measured slightly slower than that of the mixed case. At 65 °C, the unmixed removal rates measured slightly higher than the mixed tests. This same trend was also found for strontium, uranium, and neptunium in the low activity salt solution. In fact, the removal rates measured faster for all of the sorbates in the unmixed tests compared to the mixed tests at 65 °C with the low activity salt solution. Given these findings, SRNL concludes that the mixing energy provided by the waterbath shaker did not enhance the rate of sorbate removal.
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Mixed Unmixed Figures 9 (Sr and Pu) and 10 (Np) provide plots of the sorbate concentrations versus contact time. Table 2 provides the removal rates for Sr, Pu and Np, respectively, calculated from the change in concentration from the start of the test to the first sampling event (ca. 0.35 hours) and the sixth sampling event (ca. 2.0 hours). The reported uncertainty in the rate is the sum of the uncertainties in the analytical measurements. Removal rates for the tests mixed by the orbital shaker are not significantly different than those mixed with the magnetic stirrer at either sampling event. This indicates that the much greater mixing energy provided by the magnetic stirrer and evidenced by the MST solids being suspended throughout the solution has no effect on the removal rates of Sr, Pu and Np by the MST in these laboratory-scale experiments.
Comparison of the 2-hour removal rates in this test set with those reported in Table 1 Table 4 provides the calculated removal rates (μg/L/h) for each of the sorbates over a range of contact times up to about two hours. The observed rapid and non-linear change in sorbate concentrations is indicative of an ion-exchange process in which the kinetics are controlled either by film diffusion or particle diffusion.
Particle diffusion is not believed to be the rate limiting step for this application based on the low sorbate loading onto MST and findings from transmission electron microscopy (TEM). The planned concentration of MST in the pretreatment process is 0.4 g/L. At this concentration and typical concentrations for Sr, Pu, Np, and U in the waste solutions, only a small fraction (ca. 1 -5%) of the available ion-exchange capacity is used for sorbate removal. Particle diffusion is important in ion-exchangers that are in the form of beads having sizes of more than 200 microns and the presence of binders that are not active ion-exchangers. MST is a fine particulate solid that is about 1 -20 microns in size and contains no binders. High resolution TEM revealed that MST exhibits an inner amorphous region surrounded by a fibrous exterior that is about 100 -500 nanometers in thickness. 9 This outer fibrous region would be expected to have sufficient ionexchange sites given the low sorbate loading. TEM analysis of Sr-loaded MST particles revealed that the Sr is located only in the outer fibrous region. 9 Thus, diffusion of the sorbates into the particle interior is not occurring to any significant degree. Assuming that the solution film does not extend into the fibrous region, particle diffusion distances would be limited to the thickness of the fibrous region (100 -500 nm), which is 2 -3 orders of magnitude shorter than that in ionexchange beads. It is likely that the outer fibrous region is in contact with the solution film, such that sorbate transport to active ion-exchange sites occurs without particle diffusion.
The calculated removal rates for Sr compare reasonably well with those reported in Tables 1 and  2 Table  3 ). The good agreement reflects the relatively small change in initial Sr concentration (63.5 -90 μg/L) across the 3 data sets. For Pu, Np and U, the comparison is poorer given the broader range of initial concentrations of the sorbates (e.g., 5.85 -213 μg/L for Pu, 406 -28,600 μg/L for Np and 9,020 -20,800 μg/L for U) and the variation in MST concentrations (0.2 -1.6 g/L). The next test set featured treatment of actual tank waste solution with 0.2 g/L MST at 25 °C. 3 Prior to the MST tests, the radioactive waste was first treated with sodium tetraphenylborate to reduce the gamma activity due to 137 Cs allowing the testing to occur in a radiohood. The treated waste solution was evaporated to increase the sodium concentration to 7.5 M. Researchers added 85 Sr as a radiotracer and 237 Np to increase the Np concentration to allow detection in the MST tests. A portion of the waste was diluted with water to provide a solution with a sodium concentration of 4.5 M. The resulting 7.5 and 4.5 M Na solutions were filtered to remove any undissolved solids. The adsorption tests consisted of placing 120 mL of the solutions into plastic bottles, adding MST to achieve a concentration of 0.2 g/L, and agitating in a waterbath shaker at 200 rpm and 25 °C. Samples were taken after 0. 25, 0.5, 0.75, 1, 1.5, 2, 4, 8, 24 , 96, and 168 hours of contact. Following the tests with actual tank waste, researchers tested a simulated waste having a 5.6 M sodium concentration and higher plutonium concentration. 4 The 5.6 M sodium concentration had been selected as the baseline concentration for salt processing. The higher plutonium concentration reflected system planning forecasts that indicated higher plutonium concentrations may be present in the salt waste solutions. These tests used the same experimental protocol as the earlier simulant tests at a temperature of 25 °C and with MST additions at 0.2 and 0.4 g/L.
Plots of sorbate concentrations versus time exhibited similar changes to those observed with the earlier test sets. Figure 18 provides a plot of the strontium decontamination factor (DF) versus contact time (h) for this test set (5.6 M) as well as the previously tested 4.5 M Na simulated waste solution and the actual tank wastes having 4.5 M and 7.5 M Na concentrations. Figure 19 shows a similar plot for the plutonium.
For each dataset, the Sr DF value increases very rapidly during the first 6 -8 hours of contact and then slows dramatically and appears to reach steady-state after 24 hours of contact. The extent of strontium uptake in the 5.6 M Na salt solution falls between that measured in both the 4.5 M Na actual tank waste and simulated waste solutions and the 7.5 M Na actual tank waste solution. This is the expected trend and reflects the influence of the ionic strength of the solution and the initial sorbate concentrations. Four larger bench-scale tests of MST performance with actual tank waste solutions have been carried out. 5 These tests represent factors of approximately 300 -700 scale increase compared to previous laboratory studies. The first three tests used a 100-L stainless steel reactor equipped with an air-driven agitator to mix MST with tank waste solutions. The speed of the agitator was not measured, but produced a visible vortex and, consequently, suspended the MST solids throughout the reactor vessel. The first two tests in this reactor each treated 66 liters of waste with enough MST to achieve a concentration of 0.52 g/L. The MST used in this test was produced by Optima Chemicals Group, LLC and identified as Lot # MST-96-QAB-281. The waste solution was a combination of solution samples taken from Tanks 37H and 44F diluted to a 5.6 M Na concentration. The 2-hour sample exhibited a high 90 Sr activity (20.3 nCi/g), but the remaining samples returned to around 5 nCi/g. Thus, SRNL researchers suspect that the 2-hour sample result is high due to experimental errors or cross contamination from handling in the Shielded Cells. The analytical results for plutonium showed a small DF of 2.8 after 24 hours of contact (see Figure 21 ). A third test was also carried out in this reactor using 70 L of Tank 37H salt solution diluted to a 5.6 M Na concentration. A set of four, 90°-spaced 1.5-in wide baffles were installed in the reactor, each spaced 0.25 in from the wall and 0.5 in from the bottom of the reactor. The speed of the agitator was not measured, but the stirring was sufficient to generate a 1-3 inch vortex on the surface of the stirred solution. This mixing energy was likely sufficient to suspend all of the MST solids throughout the reactor vessel. The MST concentration in this test was 0.4 g/L. Figure 22 provides a plot of the 90 Sr activity versus time. The final bench-scale testing at a larger scale used a stainless steel vessel having a 30-L working volume. The reactor design and mixing conditions in the tank were designed to provide the same hydraulic conditions as those in the nominal 5000-gallon strike tank used in the Actinide Removal Process. Based on engineering calculations, the mixing energy in this test was sufficient to lift the MST particles into the liquid phase. This test used archived Tank 37H/44F waste solution that had previously been contacted with MST and sent through the Caustic Side Solvent Extraction (CSSX) process to remove cesium. Stable strontium and cesium as well as 85 Sr, depleted uranium, neptunium and plutonium, were added to the waste solution and the spiked waste allowed to equilibrate for three weeks prior to the MST performance test. The MST performance test added 0.4 g/L MST (batch TNX) to the waste while stirring in the hydraulicallyscaled reactor. The experiment was sampled at 2, 4, 12, 18, 24, and 30 hours after the addition of the MST. A comparison test was also conducted in which 100 mL of the spiked-waste was contacted with 0.4 g/L MST in polyethylene bottles agitated at 200 rpm in a waterbath shaker as previously described. This test was sampled only after 24-hours of contact. Sr and total Pu activity versus contact time, respectively. Included on the graphs, are the initial and 24-hour activities measured in the test using the waterbath shaker, which are labeled as "Hobbs". Rapid decreases in the 85 Sr and total Pu activities were observed in the experiment in the 30-L hydraulically-scaled reactor. Analysis of the 24-hour samples taken from the 30-L hydraulically-scaled reactor and the 0.10-L waterbath shaker experiments indicated very similar activities for 85 Sr (Fig. 23 ) and total Pu (Fig. 24) as well as that for neptunium and uranium (plots not shown). These findings suggested that the mixing intensity in the strike tank for the ARP facility is sufficient such that bulk transport of sorbates to the surface of the MST particles is not limiting the adsorption of strontium and actinides. Thermodynamic and Kinetic Modeling Fondeur et. al evaluated published isotherm models for the adsorption of Sr, Pu, Np, and U onto MST using experimental data collected from numerous tests at SRNL. 6 Of the 29 isotherm models investigated, the Dubinin-Astashov (DA) model provided good predictions for the adsorption of Sr and actinides with the fewest number of parameters and operations. Subsequently, Fondeur et. al updated the DA isotherm with additional experimental data and modified the form of the prediction models with a kinetic function. 7, 8 A number of kinetic functions were evaluated, including first order and second order models. However, the function derived by Rahn provided the best fit of the kinetic data from the simulant and tank waste testing. In this function, both film diffusion and intra-particle (or pore) diffusion control the rate of sorbate uptake. 1) where q S (t) is the amount of a sorbate, S, loaded onto MST at a time, t, in units of mole/g of MST. The term q S-eq is the amount of a sorbate, S, loaded onto MST at equilibrium. The terms k and n are parameters derived from the experimental data. Time (hours)
Conclusions
A number of laboratory studies have been conducted to determine the influence of mixing and mixing intensity, solution ionic strength, initial sorbate concentrations, temperature, and MST concentration on the rates of sorbate removal by MST in high-level nuclear waste solutions. Of these parameters, initial sorbate concentrations, ionic strength and MST concentration have the greater impact on sorbate removal rates. The lack of a significant influence of mixing and mixing intensity on sorbate removal rates indicates that bulk solution transport is not the rate controlling step in the removal of strontium and actinides over the range of conditions and laboratory-scales investigated. However, bulk solution transport may be a significant parameter upon use of MST in a 1.3 million-gallon waste tank such as that planned for the SCIX program. Thus, SRNL recommends completing the experiments in progress to determine if mixing intensity influences sorption rates under conditions appropriate for the SCIX program. Adsorption models have been developed from these experimental studies that allow prediction of Sr, Pu, Np and U concentrations as a function of contact time with MST. Fairly good agreement has been observed between the predicted and measured sorbate concentrations in the laboratory-scale test data. 
